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ABSTRACT
Many studies have indicated that leaflet fluttering and associated bending in biopros-
thetic heart valves (BHVs) is an important criterion in determining the durability of BHV
implants. In this thesis work, a computational methodology for the flutter quantification
of BHV leaflets is presented using an immersogeometric fluid–structure interaction (FSI)
framework. The proposed approach is based upon displacement tracking of the BHV leaflet
free edges. Integrating over the discrete Fourier transform of free edge displacement data,
the energy spectral density is computed for a measure of leaflet flutter. This methodology
seeks to improve approaches used in experimental flutter quantification through utiliza-
tion of highly accurate simulation solutions and visualizations to capture a measurement of
leaflet flutter. A set of sampling cases with varying valve material thickness are generated
and FSI-based flutter quantification is performed to investigate the effect of leaflet material
thickness on the presence of flutter and associated bending in BHV leaflets.
1CHAPTER 1. INTRODUCTION
For patients suffering from heart valve malfunctions or deficiencies, prosthetic valve
replacement is often the only solution [1]. These instances, which are most commonly
found in the aortic valve, contribute to the more than 90,000 prosthetic valve implants
that take place in the United States each year [2]. A variety of prosthetic valve implant
devices exist, the most common of which are bioprosthetic heart valves (BHVs). Designed
using chemically treated porcine or bovine pericardial tissue, which is then sutured to a
stent structure, BHVs are intended to emulate the blood flow pattern and valve motion
of the original native tissue [3]. Having been introduced more than 30 years ago, BHVs
continue to face deficiencies in long-term durability due to tissue deterioration. The limited
durability of these valves is evident in leaflet tearing [4, 5] and calcification of the pericardial
tissue [6, 7]. This lack of structural integrity can often lead to additional surgical procedures
for replacement of BHVs typically after 10–15 years [8, 9, 7].
In a search to improve BHV durability, many reports have identified the fluttering of
the implant’s leaflets in the blood flow as a crucial quality criterion in BHV design [10,
11, 12, 13]. It is known that the tearing and calcification of BHV tissue often takes place
in areas of the valve that experience sharp bending and fluttering motions in the blood
flow [4, 5, 14]. The regions of the BHV leaflet most commonly affected by tearing of the
valve are the free edge cusps of each leaflet as well as the sutured attachment of the leaflets
to the stent support [9]. Experimental works have been completed to establish methods
for quantifying the flutter of BHV leaflets. These approaches utilize different methods for
tracking the leaflet free edge motion with varying levels of accuracy [15, 16].
2The focus of this thesis is to provide a comprehensive quantification of the fluttering and
bending of BHVs by way of computational fluid–structure interaction (FSI) analysis [17, 18,
19, 20]. This approach provides access to a precisely defined BHV motion which, relative to
experimental approaches, enables more accurate capture and quantification of valve leaflet
flutter and bending. Furthermore, the hypothesis of this thesis is for the proposed approach
of flutter quantification to be extended for future use in BHV design optimization in pursuit
of increased long-term valve durability.
This work is dependent upon the use of geometrical computer models of heart valves, a
concept which is actively gaining ground in the medical device industry. Previous academic
research has suggested that spline surface and curve representations using computer aided
design (CAD) tools are capable of accurate geometrical representation of native heart valves
taken from segmented medical image data [21, 22, 23]. Thus, a natural and likely beneficial
direction for effective BHV analysis is to employ an isogeometric analysis (IGA) approach.
The concept of IGA was first introduced by Hughes et al. [24] to provide a connection
between design and engineering analysis techniques. The cornerstone of IGA is the prac-
tice of using a designer-generated geometry directly as the computational analysis model,
discarding any need for converting CAD geometries into finite element or finite volume
meshes for the purpose of performing analyses. Although the initial geometry development
of heart valves based on segmented medical image data entails a high level of complexity,
the benefits of IGA allow this initial representation to be used directly for the analysis of
the valve as well. Previous work completed by Morganti et al. [25], which focused on the
idea of patient-specific BHV design, produced findings showing that IGA has the ability
to substantially increase accuracy in the mechanical analysis of a valve compared to a tra-
ditional finite element approach. Thus, the present study makes use of the advantages of
IGA to provide a precisely defined BHV geometry to be used for FSI simulation and flutter
quantification analysis.
3Much of the motivation for this thesis is derived from current medical device industry
trends which favor minimally invasive BHV implant operations. As a result of evolving
surgical capabilities, heart valve implants are increasingly performed using transcatheter
implantations [26, 27] rather than open surgical procedures. Transcatheter implants offer
a minimally invasive procedure for the patient, but direct surgical access throughout the
procedure is reduced and the replacement valves must be designed accordingly. Thus, a
compact valve design is of utmost importance. A clear approach to reduce the size of
the valve implant is to decrease the valve leaflets pericardial tissue thickness [28]. As will
be shown in the later chapters of this thesis, the effect of flutter and leaflet bending is
dramatically influenced by a change in the thickness of the leaflet tissue. In this work,
this relationship is used to demonstrate the effectiveness of the proposed FSI-based flutter
quantification methodology.
The remainder of this thesis is organized as follows. In Chapter 2, the methodology
employed in this work is discussed, including the details of the FSI simulation framework,
development of the spline-based valve and aortic root geometries, and the formulation used
for leaflet flutter quantification. Chapter 3 presents a dataset of varying BHV leaflet thick-
nesses used to showcase the influence of material thickness. Next the results of the FSI
analysis are displayed, and then the results of flutter quantification for each of the sample
cases are presented. A discussion of this work is presented in Chapter 4 including advantages
over previous methods, significance of the presented results, and the limitations and future
outlook for this work. Finally, conclusions and contributions of this thesis are presented in
Chapter 5.
4CHAPTER 2. METHODS
2.1 Numerical methodology
The BHV FSI simulations in this thesis are carried out using the immersogeometric
framework developed by Hsu et al. [17] and Kamensky et al. [18]. The FSI system of
BHVs includes the dynamics of blood flow, the artery wall, and the BHV leaflets. The
immersogeometric framework models all of these sub-problems and accounts for the their
coupling effects. The key components of the framework are briefly reviewed here. Note that
all of the following formulations are posed on domains discretized with splines.
The blood flow in a deforming artery is governed by the Navier–Stokes equations of
incompressible flows. The equations are numerically solved using the variational multiscale
(VMS) [29, 30, 31, 32] formulation on an arbitrary Lagrangian-Eulerian (ALE) frame. The
ALE formulation, which is a widely used approach for vascular blood flow applications [33,
34, 35], is used to model the fluid domain motion resulting from the deformation of the artery
wall. The VMS formulation can be interpreted both as a stabilized method [36, 37, 38] and
as a large-eddy simulation (LES) turbulence model [36, 29, 32]. When combined with
IGA discretizations, the VMS formulation yields significant accuracy advantages over its
finite-element counterpart [32].
The structures in the FSI system, namely the artery wall and the BHV leaflets, are
modeled using the following approaches. Solid elements are used to model the artery wall,
and its motion is governed by the equations of large-deformation elastodynamics written
in the Lagrangian frame [39]. The leaflets, on the other hand, are modeled as thin shell
structures. The rotation-free hyperelastic Kirchhoff–Love shell formulation [40] with an
5isotropic Fung-type material model [19] is employed in this thesis. In a complete cycle
of the BHV motion, the leaflets will close subject to the diastolic transvalvular pressure,
causing contact between leaflets. In the present work, a penalty-based approach is used
for sliding contact and contact conditions are imposed at quadrature points of the shell
structure [18].
Finally, the fluid–structure interactions are coupled in the immersogeometric framework
using various approaches. The discretization between the blood flow domain and artery wall
is assumed to be conforming and is handled using a monolithic FSI formulation described
in detail in Bazilevs et al. [41]. For the leaflets, due to the issues associated with mesh
distortion raised by the large deformations and topology changes, the shell structure is
immersed into the background fluid domain. A Lagrangian multiplier field is used to enforce
the FSI constraints on the immersed fluid–structure interface. Readers are referred to the
aforementioned references for the details of the FSI numerical methodology used in this
thesis.
2.2 Problem setup
The aorta geometry is constructed based on the statistics regarding adult aorta sizes
obtained from 2D echocardiographic images [42, 43, 44]. The same parameterization method
described in [42] is used for modeling the sinus as shown in Figure 2.1a. Four key cross-
sections are used to characterize the sinus, as shown in the upper figure of Figure 2.1a. The
dimensions of the three-petal-shaped cross-section, which is constructed by three circular
arcs, is further illustrated in the lower part of Figure 2.1a. All of the α angles are chosen
to be 60◦ in this work. The details of the length scales are listed in Table 2.1. These four
cross-sections are interpolated using cubic B-spline functions to construct the sinus surface
(marked in gray in Figure 2.1b). A circular cylinder with a radius of DA is attached to
the bottom of the sinus, to model the connection between the sinus and the left ventricle
(marked in light blue in Figure 2.1b). The ascending aorta is a tubular section with radius
6of DTAA and with a center-line extracted from patient data (marked in light purple in
Figure 2.1b). Note that the tangent of the sinus and the ascending aorta is constrained
to be continuous at their junction. The lumen surface, including the three parts described
previously, is shown in Figure 2.1b.
Table 2.1: Aortic root dimensions
All Adults
(12 patients) [42]
Male Adults
(68 patients) [43]
Male Adults
(310 patients) [44]
Selected
Parameters
DA (mm) 20.5 26 ± 3 21.9 ± 2.2 23
DSV (mm) 32.6 34 ± 3 33.6 ± 3.9 34
DSTJ (mm) 29.8 29 ± 3 28.7 ± 3.2 29
DTAA (mm) 31.4 30 ± 4 29.9 ± 3.8 30
dRC , dLC , dNC (mm) 18.8 – – 20
dRL, dLN , dNR (mm) 13.8 – – 14
HSV (mm) 10.9 – – 11
HSTJ (mm) 24.4 – – 24
HTAA (mm) 34.2 – – 34
The workflow of constructing the patient-specific aorta computational mesh in [20] is
employed in this thesis to model the blood flow domain and the artery wall. Quadratic
trivariate non-uniform rational B-spline (NURBS) elements are used to ensure an accurate
reproduction of the artery wall surfaces in the solid model. Artery wall thicknesses are
defined as 14% of the local lumen radii. Figure 2.2a illustrates the computational mesh,
with 88,560 elements in the fluid domain, and 8,640 elements in the artery wall. The
stented BHV is modeled using cubic B-spline surfaces. The stent, which is held fixed in the
simulation, consists of 1,380 B-spline elements, and the leaflets, whose attachment edges are
clamped to the stent, consist of 351 B-spline elements in each cusp. The BHV is immersed
into the sinus section of the aorta and a cut into the interior of the fluid and artery domain
is shown in Figure 2.2a to illustrate the configuration of the immersogeometric analysis
setup. Note that the solid elements in the artery wall which are intersected by the stent are
also fixed in space and time.
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reconstructions from MDCT angiographic scan in 12 pathological
cases. The MDCT scan was performed using a SOMATOM Deﬁni-
tion Dual Energy scanner (Siemens Medical Solution, Forchheim,
Germany) with retrospective ECG gating and collimation 32!
0.6 mm. Telediastolic images with less motion-artifacts (70–85% of
the R–R interval) were transferred to a workstation for three-
dimensional reconstruction (Volume Rendering) using a post-
processing software provided by the CT-machine company.
From 3D VR images, both long-axis and short-axis views were
reproduced with the aim of comparing the measures with those
obtained in the 3D model generated by our software. In particular,
ratios between parameters were computed to highlight the
morphologic characteristics of the echo-based model and com-
pared with those obtained from CT reconstructions. The consid-
ered ratios are detailed in the following (Table 2).
From long-axis view:
- Hv/Dmax to characterize the shape of the sinuses.
- Dmax/Dstj to characterize loss of sinotubular junction.
- Htr/Hv to characterize the height of the interleaﬂet triangles in
relation to the valve height.
From short-axis view:
- b/a, c/a, c/b to highlight the asymmetry of the Valsalva sinuses.
- d/e, d/f, e/f to measure the asymmetry of each sinus starting
from the depth of the interleaﬂet commissures.
2.2.2.2. Statistical analysis. All continuous descriptive data are
expressed in median and IQR. The Pearson correlation coefﬁcient
(r) and the Spearman correlation coefﬁcient (rho) were
determined for linear correlation analysis. Bland and Altman
plots [15] were calculated to establish the degree of concordance
and agreement between the morphological parameters. Statistical
analysis was performed with MedCalc (version 9.3.0.0, MedCalc
Software, Mariakerke, Belgium). A p-valuer0.05 was considered
for statistical signiﬁcance.
3. Results
Based on the measures obtained with 2D echo in 12 patients
diagnosed with aortic root dilatation with and without aortic valve
regurgitation we obtained the following data:
Qualitative assessment (see Fig. 5)
The proﬁles obtained with MDCT and with the 3D echo-based
model showed similar morphology with the model representing
faithfully, in a qualitative sense, the shape of the aortic root
reconstruct by the MDCT.
Correlation study and Bland–Altman analysis (Table 3, Fig. 6)
Comparing the measures obtained in the 3D echo-based model
with those obtained with MDCT, the linear correlations (para-
metric and not parametric) between ratios were high (r and
rho40.65) and statistically signiﬁcant (po0.05) in both long axis
and short axis measures. This documents a good adaptability of
Fig. 4. 3D geometrical model design. (a) Da¼Diameter at the level of the ventriculo-aortic junction (VAj); Dstj¼Diameter at the level of the sinotubular junction (STj);
Hsin¼distance between VAj and the height of the maximal expansion of the Valsalva sinuses (Smax); Hv¼distance between VAj and STj (height of the valve); Haa¼distance
between VAj and the considered/measured cross-section of the ascending aorta; Daa¼Diameter of the ascending aorta at the considered level Haa; a.b.c.d.e.f¼main measures
of the aortic valve structure. (b) Aortic root cross-section at the level of Smax,: angles▯ α, β, γ, δ, ε and lengths a,b,c,d,e,f are highlighted. (c) Boundary functions considered to
model the aortic root surface. (d) Dimensions measured by means of echocardiography adopted to reconstruct the interleaﬂet triangles: Hs¼estimated height of coaptation
at the level of the commissures; Hv¼total valve height; Htr¼estimated height of the interleaﬂet triangle (Hv#Hs). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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DTAA: Ascending tubular aorta diameter. 
DSTJ: Sinotubular junction diameter. 
DSV: Valsalva sinuses diameter. 
DA: Ventriculo-aortic junction diameter. 
 
HSV: Distance between the plane of maximal 
expansion of the Valsalva sinuses and the 
ventriculo-aortic junction. 
HSTJ: Distance between the sinotubular 
junction and the ventriculo-aortic junction. 
HTAA: Distance between the arbitrary cross-
section of the ascending aorta and the 
ventriculo-aortic junction. 
 
dRC, dLC, dNC: Distance between the central 
coaptation point and the maximal expansion 
of right, left and non-coronary Valsalva sinus. 
dRL, dLN, dNR: Distance between the central 
coaptation point and each commissural line. 
αR1, αR2, αL1, αL2, αN1, αN2: Characteristic 
angles of the three sinuses. 
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HSV: Distance between the plane of maximal 
expansion of the Valsalva sinuses and the 
ventriculo-aortic junction. 
HSTJ: Distance between the sinotubular 
junction and the ventriculo-aortic junction. 
HTAA: Distance between the arbitrary cross-
section of the ascending aorta and the 
ventriculo-ao tic junction. 
 
dRC, dLC, dNC: Distance between the central 
coaptation point and the maximal expansion 
of rig t, left a d n n-coronary Valsalva sinus. 
dRL, dLN, dNR: Distance between the central 
coaptation point and each commissural line. 
αR1, αR2, αL1, αL2, αN1, αN2: Characteristic 
angles of the three sinuses. 
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Figure 2.1: Lumen geometry model used in the FSI simulation of BHVs.
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Figure 2.2: Geometries and meshes used in the FSI simulation of BHVs.
9The blood is modeled as an incompressible flow with a density and viscosity of 1.0
g/cm3 and 3×10−2 g/(cm s), respectively. The left-ventricular pressure profile presented
in [45] is applied on the inlet. The cardiac cycle has a period of 0.86 s and a time step
size of 1.0 × 10−4 s is used to march the simulation in time. At the end of the ascending
aorta, a pressure of −(p0 +RQ) is applied for the resistance boundary condition [46], where
p0 = 80 mmHg is a constant physiological pressure level, R = 70 (dyn s)/cm
5 is a resistance
coefficient, and Q is the volumetric flow rate through the outlet. The Neo-Hookean material
model is assumed for the artery wall tissue, of which the bulk and shear modulii are selected
to provide a Young’s modulus of 107 dyn/cm2 and Poisson’s ratio of 0.45 in the small strain
limit. A body force in the form of −Cdampusos , with us being the velocity of the artery
wall and Cdamp = 10
4 Hz, is applied to damp the motion of the artery wall, mimicking the
effects of the surrounding tissues and interstitial fluids. For the BHV, the problem setup is
simplified by assuming the stent to be rigid and stationary due to its large stiffness relative
to the leaflets and the artery wall. Finally, the strain-energy density function in the leaflets
is described using the following isotropic Fung-type material model [19]:
ψel =
c0
2
(I1 − 3) + c1
2
(
ec2(I1−3)
2 − 1
)
, (2.1)
where the coefficients are specified as c0 = 1.0× 106 dyn/cm2, c1 = 2.0× 105 dyn/cm2, and
c2 = 100. The density of the leaflets is 1.0 g/cm
3. In this thesis, the focus is to quantify the
the flutter in BHVs using variations of leaflet thickness. Thus, a baseline leaflet thickness of
0.0386 cm is used and several cases with different thicknesses are examined in the following
chapters.
2.3 Flutter quantification formulation
In the experimental realm, as in the works of Condurache et al. [16] and Avelar et al. [15],
a video-based approach is generally implemented to capture valve motion by tracking the
leaflet free edges frame by frame. This ultimately enables experimental flutter quantifi-
cation. Different methods are used to complete the free-edge tracking and calculation of
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flutter measures, but all rely on the potentially limited ability for accurate free-edge track-
ing and the pixelated representation of the free edge in the video data, a considerable source
of uncertainty. Additionally, the temporal fidelity of the video data is inherently limited by
the video acquisition technology, another potential source of uncertainty and complexity.
In the present work, a flutter quantification approach is implemented that takes ad-
vantage of the IGA-based computational FSI framework to track the motion of the leaflet
free edges with high accuracy throughout the valve-opening period. This approach is de-
signed to capture the energy spectral density of the leaflet flutter and associated bending
motions. The free edge (marked in blue in Figure 2.2b) of each leaflet is monitored with 100
uniformly distributed tracking points (marked in red). Note that the number of tracking
points selected is flexible due to the high-order smoothness provided by the B-spline func-
tions. Throughout FSI analysis, the magnitude of the three-dimensional displacement from
the reference configuration is computed for each point at every time step. The full set of
displacement magnitude values throughout time form a two-dimensional space–time signal,
upon which a two-dimensional discrete Fourier transform operation, as demonstrated by
Newland [47], can be performed:
X˜kl =
1
N1N2
N1−1∑
r=0
N2−1∑
s=0
xrse
−i2pi(kr/N1+ls/N2), k = 0, . . . , N1− 1, l = 0, . . . , N2− 1. (2.2)
Here X˜kl represents the k, l element of the discrete Fourier transform matrix X˜ and N1 and
N2 are the lengths of the first and second dimension domains, respectively. In this work, N1
represents the number of free-edge tracking points and N2 represents the number of time
steps. This Fourier transform, denoted X˜n, where n is the leaflet number, is computed for
the displacement magnitude signal for each of the three BHV leaflets.
The energy spectral density of the flutter motion, Eleafletn , of leaflet n is then defined
as the integration of the squared absolute frequency given by the Fourier transform of the
displacement magnitude signal:
Eleafletn =
∫
S
∫
T
∣∣∣X˜n∣∣∣2 dT dS, n = 1, 2, 3, (2.3)
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where S and T are the spatial and temporal frequency domains, respectively. For the flutter
measure over the full BHV, a sum of the energy spectral density over the three leaflets is
computed:
Evalve =
3∑
n=1
Eleafletn . (2.4)
Finally, a high-pass filter term is applied to the total energy spectral density. This
filtering is designed to remove any energy contribution from the natural shape of the valve
leaflets and the natural motion of the valve during the opening period. The resulting
measure of flutter for each leaflet, denoted EHPn , captures the contributions of jerky leaflet
flutter and associated bending alone. The temporal and spatial high-pass frequencies fHP
and ξHP are defined empirically as discussed in Section 3.2. Again, the high-passed flutter
energy for the full BHV is taken by the sum of the contribution from each of the three
leaflets:
EHPn =
∫
S
∫
T
∣∣∣X˜n∣∣∣2 dT dS − ∫ ξHP
0
∫ fHP
0
∣∣∣X˜n∣∣∣2 dT dS, n = 1, 2, 3 , (2.5)
Efiltered =
3∑
n=1
EHPn . (2.6)
This formulation enables the quantification of valve flutter using a measure of the total
energy in the flutter and leaflet bending motion. Key quantities to be reported from the
proposed method are the high-pass-filtered flutter energy as well as the peak oscillating
frequencies of the leaflets in the temporal and spatial domains. These values correspond to
the dominant frequency of the leaflet oscillating back and forth during the opening period
and the dominant frequency of the curvature along the free edge, respectively.
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CHAPTER 3. RESULTS
3.1 Leaflet thickness study
This section makes use of the FSI simulation framework discussed in Chapter 2 to explore
the effects of BHV leaflet thickness. Simulations are conducted as previously described, each
with a different BHV leaflet thickness and all other aspects of the simulation held uniform.
Because there is strong incentive to vary the thickness of transcatheter BHV leaflets,
this work performs flutter quantification analysis on multiple cases with varying leaflet
material thickness. For the sake of consistency with previous BHV dynamic simulation
studies [48, 18], a baseline leaflet thickness of 0.0386 cm is defined. The remainder of the
thickness cases are defined with respect to this baseline model; a range of valve thicknesses
are explored, both above and below the baseline dimension and are shown in Table 3.1.
Table 3.1: Valve leaflet thickness cases
Case Number % of Baseline Thickness Leaflet Thickness (cm)
1 200 0.07720
2 100 0.03860
3 50 0.01930
4 25 0.00965
After simulation, both the structure and fluid domains are visualized in order to investi-
gate the motion of the BHV as well as the effects on the blood flow through multiple cycles
of simulated physiological conditions. The shape of the BHV leaflets for each thickness
case at peak valve opening are reported in Figure 3.1 and full FSI solutions through the
ascending aorta at peak valve opening are shown in Figure 3.2.
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(a) (b)
(c) (d)
Figure 3.1: BHV visualization during peak valve opening for the following thickness cases
with respect to the baseline leaflet material thickness (a) 200%, (b) 100%, (c) 50%, and (d)
25% as defined in Table 3.1
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(a) (b)
(c) (d)
Figure 3.2: Volume-rendered visualization of the flow velocity field from FSI simulations
during peak valve opening. Sub-figures (a) through (d) correspond to valve thickness cases
1 through 4 respectively as defined in Table 3.1.
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From Figure 3.1, the effect of leaflet thickness on the flutter and bending motion in the
valve is apparent. One can observe the smooth shape of the free edge of each leaflet for
both the baseline thickness case and the valve with 200% of the baseline thickness. As the
leaflet material thickness is reduced, the presence of flutter is more evident not only along
the free edge of the leaflets, but also descending into the belly region of each cusp. In the
volume-rendered visualization of the velocity field in the ascending aorta in Figure 3.2, one
can clearly see the effect of valve fluttering on the velocity of the blood flow. While the
velocity field maintains a relatively uniform profile in both the baseline and 200% valve
thickness cases, the increased presence of flutter in the thinner valve cases introduces a
dissipation of the flow velocity through the ascending aorta.
Not only does the flutter and bending of the leaflet tissue impose a decrease in the
structural integrity and long-term durability of the valve, but these features also play a role
in the blood flow development through the ascending aorta. Having implications in both
the fluid and structural regimes of this system, quantification of leaflet fluttering is critical
for evaluating valve effectiveness and longevity.
3.2 Flutter quantification of leaflet thickness study
This section discusses the application of the previously presented flutter quantification
methodology to the varying leaflet thickness cases described in Section 3.1. The flutter
quantification is applied here as a means of verification of the formulation against the visual
results of Figures 3.1–3.2. As described in Section 2.3, the quantification method begins with
a selected point discretization along the free edge of each leaflet. For this implementation,
100 uniformly distributed tracking points have been chosen along each free edge, as shown
in Figure 2.2b. Upon computing the displacement magnitude for each tracking point at
each time step, surface plots are produced which represent the displacement path of the
free edge during valve opening. Figure 3.3 displays such images for a single leaflet with
contours corresponding to displacement magnitude.
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(a) (b)
(c) (d)
Figure 3.3: Displacement magnitude visualization for free-edge tracking points throughout
the valve-opening period. Sub-figures (a) through (d) correspond to valve material thickness
cases 1–4 as defined in Table 3.1. Displacement magnitude is plotted using a color scale
relative to the baseline thickness case in sub-figure (b), ranging from 0 (blue) to ≥ 0.75 cm
(red).
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Figure 3.4: Displacement magnitude visualization for free-edge tracking points throughout
the valve-opening period. Rows of sub-figures shown correspond to valve material thickness
cases 1–4 as defined in Table 3.1 and columns represent the three valve leaflets. Displace-
ment magnitude is plotted using a color scale relative to the baseline thickness case, ranging
from 0 (blue) to ≥ 0.75 cm (red).
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Figure 3.5: Side view of displacement magnitude visualization for free-edge tracking points
throughout the valve-opening period. Rows of sub-figures shown correspond to valve mate-
rial thickness cases 1–4 as defined in Table 3.1 and columns represent the three valve leaflets.
Displacement magnitude is plotted using a color scale relative to the baseline thickness case,
ranging from 0 (blue) to ≥ 0.75 cm (red).
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From Figure 3.3, a generally parabolic shape is observed along the free edge index
domain. This feature of the surface plots is a product of the natural shape of the BHV
during opening. Due to the suturing of the leaflet to the rigid stent at either end of the free
edge, the geometry of the BHV inherently allows for larger displacement near the center
of each leaflet, leading to a parabolic trend of displacement along the free edge. In the
time domain, the simulation time step discretization allows for nearly 3000 frames to be
computed during the valve-opening period. Across the frame indices, unique features arise
for each BHV leaflet thickness case. For the case with a leaflet thickness of 200% of the
baseline, shown in Figure 3.3a, a large-amplitude fluctuation in the displacement magnitude
is observed early in the valve opening. This fluctuation is the result of the increased rigidity
of the leaflet tissue, causing a large flap of the leaflet before stabilizing throughout the
remainder of the valve opening. It is also noted that due to the increased rigidity of leaflet
tissue, this case presents lower displacement magnitude values than cases 2− 4. This effect
is clearly displayed in Figure 3.1a where the maximum orifice area of the valve is much
smaller than that of cases 2− 4.
Looking to the displacement surface of the baseline thickness case shown in Figure 3.3b,
a generally smooth trajectory can be observed along the frame index domain as compared
to that of cases 3–4 shown in Figures 3.3c and 3.3d. The effect of free edge fluttering, which
was been shown to be more prevalent in the thinner leaflet tissue cases in Figures 3.1 and
3.2, is further demonstrated by the oscillatory surfaces of Figures 3.3c and 3.3d.
As mentioned previously, the surfaces shown for each thickness case in Figure 3.3 cor-
respond to one of the three BHV leaflets. Figure 3.4 displays the displacement magnitude
surfaces for all three leaflets of each of the four thickness cases studied. It can be observed
that the 200% thickness case (Figures 3.4a – 3.4c) exhibits an asymmetrical leaflet behavior
around the BHV relative to the other three thickness cases. The large amplitude flap in
the 200% thickness case is clearly more prevalent in the second leaflet (Figure 3.4b) than
the other two. In rotating these displacement magnitude surfaces, the visualization of the
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(a) (b)
(c) (d)
Figure 3.6: Two-dimensional frequency domain visualization as a result of discrete Fourier
transform operations of displacement magnitude data as shown in Figure 3.3. Sub-figures
(a) through (d) correspond to valve material thickness cases 1–4 as defined in Table 3.1.
Amplitude is plotted using a color scale relative to the baseline thickness case in sub-figure
(b), ranging from 0 (blue) to ≥ 0.004 cm (red).
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Figure 3.7: Two-dimensional frequency domain visualization as a result of discrete Fourier
transform operations of displacement magnitude data as shown in Figure 3.4. Rows of sub-
figures shown correspond to valve material thickness cases 1–4 as defined in Table 3.1 and
columns represent the three valve leaflets. Amplitude is plotted using a color scale relative
to the baseline thickness case, ranging from 0 (blue) to ≥ 0.004 cm (red).
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flutter behavior becomes much more prevalent. Figure 3.5 provides such a view, where the
oscillatory behavior of the 50% and 25% thickness cases can be clearly shown in comparison
to the smooth displacement trajectory of the 100% thickness case. The large amplitude flap
motion of the 200% case is also clearly displayed from this view.
The next step in the quantification method is the computation of the discrete Fourier
transform of the displacement magnitude data as described by Equation (2.2). Figure 3.6
shows the frequency domain and magnitudes corresponding to the displacement magnitude
results shown in Figure 3.3. Figure 3.6 provides a clear demonstration of the varying spatial
and temporal flutter frequencies present as a result of different leaflet tissue thicknesses. One
can clearly observe larger amplitude oscillation in the 200%-thickness case, a low-frequency,
low-amplitude fluttering in the baseline thickness case, and sizable contributions of multiple,
higher frequencies in the thinner leaflet tissue cases.
Again Figure 3.6 represents one of three leaflets for each of the thickness cases. The
frequency domain plot for each of the three leaflets for all four thickness cases can be found
in Figure 3.7. Once again, the asymmetry of the leaflet behavior in the 200% thickness
case is present. Interestingly, the frequency domain of the other three thickness cases
behave symmetrically across all three leaflets with respect to the resonating frequencies.
The amplitudes of resonating frequencies however, vary from leaflet to leaflet for the same
thickness case. This can be seen most clearly in the amplitudes of the 50% (Figures 3.7g –
3.7i) and 25% (Figures 3.7j – 3.7l) frequency domains.
Taking into account a high-pass filter to remove any flutter contribution from the natural
shape and motion of the leaflets, a high-pass temporal frequency of 20 Hz and spatial
frequency of 1.5cm−1 are empirically defined. These band-pass filters are designed around
the baseline thickness case. The domain of the high-pass filter is shown visually for one
leaflet in Figure 3.8 and for all leaflets in Figure 3.9, where the contribution of the region
highlighted in red is removed from the measure of energy spectral density of leaflet flutter.
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(a) (b)
(c) (d)
Figure 3.8: Identification of band-pass filter domain empirically defined for the elimination
of low frequency components introduced by the natural shape and motion of the leaflet.
Sub-figures (a) through (d) correspond to valve material thickness cases 1–4 as defined in
Table 3.1. Amplitude is plotted using a color scale relative to the baseline thickness case in
sub-figure (b), ranging from 0 (blue) to ≥ 0.004 cm (red).
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(a) (b) (c)
(d) (e) (f)
(g) (h) (i)
(j) (k) (l)
Figure 3.9: Identification of band-pass filter domain empirically defined for the elimination
of low frequency components introduced by the natural shape and motion of the leaflet.
Rows of sub-figures shown correspond to valve material thickness cases 1–4 as defined in
Table 3.1 and columns represent the three valve leaflets. Amplitude is plotted using a color
scale relative to the baseline thickness case, ranging from 0 (blue) to ≥ 0.004 cm (red).
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Calculated quantities of interest for each thickness case are reported in Table 3.2. Val-
ues reported for the quantification of flutter include the high-pass-filtered energy spectral
density EFiltered, and fpeak and ξpeak, the peak temporal and spatial frequency contributions
of the filtered domain greater than the defined band-pass frequency boundaries. From these
results, it is clear that the baseline leaflet thickness case exhibits the least flutter of those
included in this study. In contrast, the 200%-thickness case produced the highest flutter
measure due to the large-amplitude, rigid-leaflet flap near the beginning of the valve-opening
period. Cases 3 and 4 produce similar measures of flutter energy, yet the 50%-thickness
case measured slightly higher than the 25% model. Figure 3.6 suggests that the higher
flutter energy in case 3 is a result of the high-amplitude flutter at the peak resonating fre-
quencies compared to the amplitudes observed in case 4. Regarding the reported spatial
frequencies, readers are reminded that the Fourier transform operations in this methodology
are performed using discrete data sets. For this reason, the peak spatial frequency values,
corresponding to the number of oscillation cycles per centimeter along the leaflet free edge,
will be reported from a discrete set of computed frequency solutions.
Table 3.2: Flutter quantification measures
Thickness Flutter Temporal Temporal Spatial Spatial
Case Energy Frequency Amplitude Frequency Amplitude
Efiltered fpeak ≥ fHP (cm) ξpeak ≥ ξHP (cm)
(Hz) (cm−1)
200% 5.025× 10−4 28.798 1.727× 10−3 2.993 5.087× 10−4
100% 0.192× 10−4 27.923 3.951× 10−4 2.494 6.391× 10−4
50% 4.651× 10−4 61.669 4.968× 10−3 2.993 4.082× 10−4
25% 4.049× 10−4 37.594 2.396× 10−3 2.494 1.799× 10−3
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CHAPTER 4. DISCUSSION
4.1 Advantage over previous methods
In this thesis, a computational-FSI-analysis-based method has been presented for BHV
leaflet flutter quantification. This approach provides far higher accuracy, with respect to
both space and time, than that which can be achieved through experimental quantification
methods. In addition to increased accuracy of flutter capture, the proposed methodology
allows effective result visualization with respect to both BHV structural flutter behavior
and the effects of flutter on the blood flow. This methodology also provides cogent flutter
quantification visualizations depicting the distribution of frequency contributions in the
leaflet flutter as shown in Figure 3.6. Finally, the computational and iterative nature of the
presented methodology allows for cost-effective repeatability of flutter analysis relative to
its experimental counterpart, offering potential for iterative BHV design using parameter
sweeps or heuristic optimization methods.
4.2 Significance of results
From the flutter quantification results presented, it is clear a high measure of leaflet flut-
ter can be achieved through different means. In the 200%-thickness case, a high-amplitude
flap of the rigid leaflet is observed, causing the largest flutter measure in the samples stud-
ied. From this result, one can conclude that an increased leaflet thickness results in a
valve with excessive rigidity, causing unwanted, large-amplitude leaflet bending. Higher
frequency oscillation is found in the 50%-thickness case, resulting in a large flutter energy
measure, and the 25%-thickness case presents sizable amplitude contributions from multi-
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ple frequencies to produce an increased flutter energy relative to the baseline. While the
thinnest leaflet case produces a lower flutter energy measure than the 50%-thickness case,
Figure 3.1 indicates far more irregularity in the bending and flutter of the leaflets in 3.1d
than in 3.1c.
Through these results, the benefits of predictive computational analysis and quantifi-
cation are apparent. While many valve designs might produce large energy measures with
respect to leaflet flutter and tissue bending, the methods presented here allow for effective
results visualization and rigorous flutter quantification. This allows thorough understanding
of the leaflet behavior.
Further, the quantification of peak oscillating frequency values in the temporal and
spatial domains could potentially provide insight in the design of future BHV devices.
Knowing the frequencies at which a BHV design will flutter can allow for designers to
construct improved leaflet designs by ensuring that the resonant natural frequency of a
design does not coincide with the oscillatory frequency of flutter. Ultimately, this could
lead to improved durability.
In the interest of transcatheter BHV implant device development, designers seek to
reduce the spatial occupancy of the BHV for streamlined implant delivery. This work
concretely demonstrates that a major reduction of valve material thickness may impose
further consequences related to long-term valve durability due to an increased presence of
leaflet flutter.
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4.3 Future work
In this thesis, the proposed methodology has been implemented on a limited sample size
of varying leaflet thickness cases. The results presented here clearly support the current
baseline leaflet thickness to achieve minimal leaflet flutter. The intent of this work is not
to provide an alternative, superior leaflet design for reduced flutter, but to demonstrate the
effect that a single parameter can have on both the structural integrity of the valve and the
velocity dissipation of the blood flow.
The future outlook of this work includes an expansion of the proposed free-edge tracking
method across the full BHV leaflet surface. This would allow for a novel flutter measure
incorporating the contribution of belly-region flutter and additional tissue bending. Such
a methodology would provide beneficial flutter quantification conclusions, impacting the
BHV development community. Correlation of results from this full leaflet tracking method
to the current quantification results would ensure the institute of free-edge tracking is a valid
approach to achieve the desired measurement quantities. Disagreement between results of
these two methods may indicate that, for an accurate capture of leaflet flutter measure, the
entirety of the BHV leaflets must be taken into consideration.
Additional future work includes the quantification of various effects caused by leaflet
flutter. Regarding the fluid domain of the system, such effects include the influence of
flutter on both turbulent kinetic energy and energy efficiency of the flow. Regarding the
BHV structure, effects include the cyclic stress and strain behavior of the leaflets which can
can be quantified, for example, by the root-mean-square (RMS) of the three-dimensional
stress and strain over each cycle. Each of these quantities are related to either the effect of
the BHV implant on heart afterload or the fatigue of the BHV leaflets, yet all are potentially
influenced by leaflet flutter and bending.
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CHAPTER 5. CONCLUSIONS
This thesis work proposes a computational methodology for BHV leaflet flutter quan-
tification using FSI-based analysis. The methods presented here are distinguished by the
capabilities of IGA and the immersogeometric FSI simulation framework, for increased
solution accuracy and effective results visualization. This approach is based upon the dis-
placement tracking of BHV leaflet free edges. With integration over the discrete Fourier
transform of free edge displacement data, the energy spectral density is computed for a
measure of BHV leaflet flutter. Demonstration of this approach has been implemented on
a sample dataset of BHVs designs with varying leaflet thickness. Through this implemen-
tation, it is discovered that both the thicker, more rigid and the thinner leaflet designs
demonstrate significant flutter measures quantified by the energy spectral density relative
to the baseline leaflet thickness. With reference to the physical behavior of these varying
cases, this result proves that a large flutter energy measure can be achieved through many
BHV designs, endorsing the effective visualization results provided through the proposed
methodology for further understanding of the nature of leaflet flutter.
The results shown in this thesis provide evident correlation between visual FSI simula-
tion results and computed flutter quantification values. Expansion of the proposed method-
ology may allow for flutter quantification measures able to capture flutter presence not only
along the free edge, but across the full BHV leaflet. Further implementation of the presented
methodology holds potential for future BHV design optimization incorporating standards
for reduced leaflet flutter.
30
BIBLIOGRAPHY
[1] C. M. Otto. Timing of aortic valve surgery. Heart, 84(2):211–218, 2000.
[2] P. Pibarot and J. G. Dumesnil. Prosthetic heart valves. Circulation, 119(7):1034–1048,
2009.
[3] I. Vesely. The evolution of bioprosthetic heart valve design and its impact on durability.
Cardiovascular Pathology, 12(5):277–286, 2003.
[4] T. Ishihara, V. J. Ferrans, S. W. Boyce, M. Jones, and W. C. Roberts. Structure and
classification of cuspal tears and perforations in porcine bioprosthetic cardiac valves
implanted in patients. American Journal of Cardiology, 48:665, 1981.
[5] J. L. Pomar, X. Bosch, B. R. Chaitman, B. R. Chaitman, C. Pelletier, and C. M.
Grondin. Late tears in leaflets of porcine bioprostheses in adults. The Annals of
Thoracic Surgery, 37:78, 1984.
[6] A. Milano, U. Bortolotti, and E. Talenti. Calcific degeneration as the main cause of
porcine bioprosthetic valve failure. American Journal of Cardiology, 53:1066, 1984.
[7] R. F. Siddiqui, J. R. Abraham, and J. Butany. Bioprostheticheart valves: modes of
failure. Histopathology, 55:135–144, 2009.
[8] U. Bortolotti, A. Milano, and et al. A. Mazzucco. Results of reoperation for primary
tissue failure of porcine bioprostheses. Journal of Thoracic Cardiovascular Surgery,
90:564, 1985.
31
[9] I. Gallo, B. Ruiz, and F. Nistal. Degeneration in primary bioprosthetic cardiac valves:
incidence of primary tissue failures among 938 bioprostheses at risk. American Journal
of Cardiology, 53:1061, 1984.
[10] A. Erasmi, H.-H. Sievers, M. Scharfschwerdt, T. Eckel, and M. Misfeld. In vitro hydro-
dynamics, cusp-bending deformation, and root distensibility for different types of aortic
valve-sparing operations: Remodeling, sinus prosthesis, and reimplantation. Journal
of Thoracic Cardiovascular Surgery, 130:1044–1049, 2005.
[11] Z. Nagy, J. Fisher, P. Walker, and K. Watterson. The effect of sizing on the in vitro
hydrodynamic characteristics and leaflet motion on the toronto spv stentless valve.
Journal of Thoracic Cardiovascular Surgery, 117:92–98, 1999.
[12] Z. Nagy, J. Fisher, P. Walker, and K. Watterson. The effect of sizing on the hydro-
dynamic parameters of the medtronic freestyle valve in vitro. The Annals of Thoracic
Surgery, 69:1408–1413, 2000.
[13] M. Scharfschwerdt, M. Misfeld, and H.-H. Sievers. The influence of a nonlinear resis-
tance element upon in-vitro aortic pressure tracings and aortic valve motions. American
Society for Artificial Internal Organs, 50:498–502, 2004.
[14] M. J. Thubrikar, J. D. Deck, J. Aouad, and S. P. Nolan. Role of mechanical stress in
calcification of aortic bioprosthetic valves. Journal of Thoracic Cardiovascular Surgery,
86:115, 1983.
[15] A. H. F. Avelar, J. A. Canestri, C. Bim, M. G. M. Silva, R. Buebner, and M. Pinotti.
Quantification and analysis of leaflet flutter on biological prosthetic cardiac valves.
Artificial Organs, 41(9):835–844, 2017.
[16] A. P. Condurache, T. Hahn, M. Scharfschwerdt, A. Mertins, and T. Aach. Video-based
measuring of quality parameters for tricuspid xenograft heart valve implants. IEEE
Transactions on Biomedical Engineering, 56:2868–2878, 2009.
32
[17] M.-C. Hsu, D. Kamensky, Y. Bazilevs, M. S. Sacks, and T. J. R. Hughes. Fluid–
structure interaction analysis of bioprosthetic heart valves: significance of arterial wall
deformation. Computational Mechanics, 54(4):1055–1071, 2014.
[18] D. Kamensky, M.-C. Hsu, D. Schillinger, J. A. Evans, A. Aggarwal, Y. Bazilevs, M. S.
Sacks, and T. J. R. Hughes. An immersogeometric variational framework for fluid–
structure interaction: application to bioprosthetic heart valves. Computer Methods in
Applied Mechanics and Engineering, 284:1005–1053, 2015.
[19] M.-C. Hsu, D. Kamensky, F. Xu, J. Kiendl, C. Wang, M. C. H. Wu, J. Mineroff, A. Re-
ali, Y. Bazilevs, and M. S. Sacks. Dynamic and fluid–structure interaction simulations
of bioprosthetic heart valves using parametric design with T-splines and Fung–type
material models. Computational Mechanics, 55:1211–1225, 2015.
[20] F. Xu, S. Morganti, R. Zakerzadeh, D. Kamensky, F. Auricchio, A. Reali, T. J. R.
Hughes, M. S. Sacks, and M.-C. Hsu. A framework for designing patient-specific bio-
prosthetic heart valves using immersogeometric fluid–structure interaction analysis.
International Journal for Numerical Methods in Biomedical Engineering, 2018. e2938.
https://doi.org/10.1002/cnm.2938.
[21] A. Drach, A. H. Khalighi, F. M. ter Huurne, C.-H. Lee, C. Bloodworth, E. L. Pierce,
M. O. Jensen, A. P. Yoganathan, and M. S. Sacks. Population-averaged geometric
model of mitral valve from patient-specific imaging data. Journal of Medical Devices,
9(3):030952–1–030952–3, 2015.
[22] C. H. Lee, J. P. Rabbah, A. P. Yoganathan, R. C. Gorman, J. H. Gorman, and M. S.
Sacks. On the effects of leaflet microstructure and constitutive model on the closing be-
havior of the mitral valve. Biomechanics and Modeling in Mechanobiology, 14(6):1281–
1302, 2015.
33
[23] A. H. Khalighi, A. Drach, C. H. Bloodworth, E. L. Pierce, A. P. Yoganathan, R. C.
Gorman, J. H. Gorman, and M. S. Sacks. Mitral valve chordae tendineae: Topological
and geometrical characterization. Annals of Biomedical Engineering, 45(2):378–393,
2017.
[24] T. J. R. Hughes, J. A. Cottrell, and Y. Bazilevs. Isogeometric analysis: CAD, finite
elements, NURBS, exact geometry, and mesh refinement. Computer Methods in Applied
Mechanics and Engineering, 194:4135–4195, 2005.
[25] S. Morganti, F. Auricchio, D. J. Benson, F. I. Gambarin, S. Hartmann, T. J. R. Hughes,
and A. Reali. Patient-specific isogeometric structural analysis of aortic valve closure.
Computer Methods in Applied Mechanics and Engineering, 284:508–520, 2015.
[26] M. Arsalan and T. Walther. Durability of prostheses for transcatheter aortic valve
implantation. Nature Reviews Cardiology, 13:360–367, 2016.
[27] S. Maximus, J. C. Milliken, B. Danielsen, R. Shemin, J. Khan, and J. S. Carey. Imple-
mentation of transcatheter aortic valve replacement in California: Influence on aortic
valve surgery. The Journal of Thoracic and Cardiovascular Surgery, 155(4):1447–1456,
2018.
[28] A. Caballero, F. Sulejmani, C. Martin, T. Pham, and W. Sun. Evaluation of tran-
scatheter heart valve biomaterials: Biomechanical characterization of bovine and
porcine pericardium. Journal of the Mechanical Behavior of Biomedical Materials,
75:486–494, 2017.
[29] T. J. R. Hughes, L. Mazzei, and K. E. Jansen. Large eddy simulation and the variational
multiscale method. Computing and Visualization in Science, 3:47–59, 2000.
[30] T. J. R. Hughes, L. Mazzei, A. A. Oberai, and A. Wray. The multiscale formulation of
large eddy simulation: Decay of homogeneous isotropic turbulence. Physics of Fluids,
13:505–512, 2001.
34
[31] T. J. R. Hughes, G. Scovazzi, and L. P. Franca. Multiscale and stabilized methods.
In E. Stein, R. de Borst, and T. J. R. Hughes, editors, Encyclopedia of Computational
Mechanics, Volume 3: Fluids, chapter 2. John Wiley & Sons, 2004.
[32] Y. Bazilevs, V. M. Calo, J. A. Cottrel, T. J. R. Hughes, A. Reali, and G. Scovazzi.
Variational multiscale residual-based turbulence modeling for large eddy simulation
of incompressible flows. Computer Methods in Applied Mechanics and Engineering,
197:173–201, 2007.
[33] L. Formaggia, J. F. Gerbeau, F. Nobile, and A. Quarteroni. On the coupling of 3D and
1D Navier-Stokes equations for flow problems in compliant vessels. Computer Methods
in Applied Mechanics and Engineering, 191:561–582, 2001.
[34] Jean-Frederic Gerbeau, M. Vidrascu, and P. Frey. Fluid–structure interaction in blood
flows on geometries based on medical imaging. Computers and Structures, 83:155–165,
2005.
[35] F. Nobile and C. Vergara. An effective fluid–structure interaction formulation for vascu-
lar dynamics by generalized Robin conditions. SIAM Journal on Scientific Computing,
30:731–763, 2008.
[36] A. N. Brooks and T. J. R. Hughes. Streamline upwind/Petrov-Galerkin formulations
for convection dominated flows with particular emphasis on the incompressible Navier–
Stokes equations. Computer Methods in Applied Mechanics and Engineering, 32:199–
259, 1982.
[37] T. E. Tezduyar. Stabilized finite element formulations for incompressible flow compu-
tations. Advances in Applied Mechanics, 28:1–44, 1992.
[38] T. E. Tezduyar and Y. Osawa. Finite element stabilization parameters computed
from element matrices and vectors. Computer Methods in Applied Mechanics and
Engineering, 190:411–430, 2000.
35
[39] Y. Bazilevs, V. M. Calo, Y. Zhang, and T. J. R. Hughes. Isogeometric fluid–structure
interaction analysis with applications to arterial blood flow. Computational Mechanics,
38:310–322, 2006.
[40] J. Kiendl, M.-C. Hsu, M. C. H. Wu, and A. Reali. Isogeometric Kirchhoff–Love shell
formulations for general hyperelastic materials. Computer Methods in Applied Mechan-
ics and Engineering, 291:280–303, 2015.
[41] Y. Bazilevs, V. M. Calo, T. J. R. Hughes, and Y. Zhang. Isogeometric fluid–structure
interaction: theory, algorithms, and computations. Computational Mechanics, 43:3–37,
2008.
[42] S. Morganti, A. Valentini, V. Favalli, A. Serio, F. I. Gambarin, D. Vella, L. Mazzocchi,
M. Massetti, F. Auricchio, and E. Arbustini. Aortic root 3d parametric morphological
model from 2d-echo images. Computers in biology and medicine, 43(12):2196–2204,
2013.
[43] D. Saura, R. Dulgheru, L. Caballero, A. Bernard, S. Kou, N. Gonjilashvili, G. D.
Athanassopoulos, D. Barone, M. Baroni, N. Cardim, et al. Two-dimensional transtho-
racic echocardiographic normal reference ranges for proximal aorta dimensions: results
from the EACVI NORRE study. European Heart Journal-Cardiovascular Imaging,
18(2):167–179, 2016.
[44] M. J. Roman, R. B. Devereux, R. Kramer-Fox, and J. O’Loughlin. Two-dimensional
echocardiographic aortic root dimensions in normal children and adults. American
Journal of Cardiology, 64(8):507–512, 1989.
[45] C. H. Yap, N. Saikrishnan, G. Tamilselvan, and A. P. Yoganathan. Experimental
technique of measuring dynamic fluid shear stress on the aortic surface of the aortic
valve leaflet. Journal of Biomechanical Engineering, 133(6):061007, 2011.
36
[46] I. E. Vignon-Clementel, C. A. Figueroa, K. E. Jansen, and C. A. Taylor. Out-
flow boundary conditions for three-dimensional finite element modeling of blood flow
and pressure in arteries. Computer Methods in Applied Mechanics and Engineering,
195:3776–3796, 2006.
[47] D.E. Newland. An introduction to random vibrations, spectral and wavelet analysis.
John Wiley & Sons, Inc., 3rd edition, 1993.
[48] H. Kim, J Lu, M. S. Sacks, and K. B. Chandran. Dynamic simulation of bioprosthetic
heart valves using a stress resultant shell model. Annals of Biomedical Engineering,
36(2):262–275, 2008.
